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der responsibility of The Japanese Geotechnical SocietClosure to “Assessment of K0 correlation toThe authors would like to thank the discussers for their
interest and insightful observations on the results presented in
the paper. The main points raised by the discussers may be
summarized as follows:(1) Jaky's equation (Jaky, 1944) should be limited in its applica-
tion: it should only be applied to normally consolidated loose
sands, and the friction angle for the equation in this case should
be the critical state friction angle ϕ0c given as follows:
K0 ¼ 1 sin ϕ0c ð1Þ
where K0 is the coefﬁcient of lateral earth pressure at rest and
ϕ0c is the critical state friction angle.(2) Densiﬁcation of a granular material leads to increased values
of K0 and decreased values of K
o
, the incremental stress ratio
of Δs0h and Δs0v. The empirical equation in terms of the
maximum (peak) friction angle better expresses the lateral
stress behavior of densiﬁed sands under laterally constrained
condition, which is given as follows:
K
o ¼ 1 sin ϕ0p ð2Þ
where ϕ0p is the peak (maximum) friction angle.(3) The empirical formulation of K0 for overconsolidated
condition given by Eq. (3) predicts well the measured
results when ϕ0c is used. This conﬁrms that the slope of K0
increase is independent of initial void ratio.K0;OC
K0;NC
¼OCR sin ϕ0c ð3Þ
To address the points raised by the discussers, it appears
necessary to introduce the test results reported in Mesri andhosting by
y.Vardhanabhuti (2007). In Mesri and Vardhanabhuti (2007), the
reason is given for why vibrating is more effective than static
methods, such as pressurizing by increasing s0v, to densify granular
materials. It was explained that vibrating involves periodic changes
in s0v increasing and decreasing. The decreasing period of s0v
during vibrating causes the disengagement of inter-particle contacts
with decreasing internal frictional resistance, which would make it
easier to achieve a denser particle arrangement upon the increasing
period of s0v. This was described as “periodic ﬂuidization” that
causes the transmission of larger fraction of s0v to s0h and thus
higher K0.
The test results and analysis of K0 measurements given in
Mesri and Vardhanabhuti (2007) provide the basis of the
empirical equation of Eq. (2) in terms of the peak friction angle
applicable to both loose and dense sands. The authors would like
to note that the term “densiﬁed” may be distinguished from
“dense” because “densiﬁed” sand does not necessarily mean
“dense” sand. “Densiﬁcation” represents a loading or pressuriz-
ing process to make changes in the particle arrangement into a
“denser”, not “dense”, condition. “Dense” means a particle
arrangement or packing condition, as a state description, under
which the dilative behavior is predominant and governs the
entire mechanical behavior of the sand.
There are many ways to densify granular materials, including
statically pressurizing, horizontally or vertically vibrating, and
dynamically compacting the materials. Vertical vibrating may be
regarded as the loading process where the loading cycle of
decreasing and increasing s0v is repeated with the continuous and
periodic mobilization of the overconsolidated stress state. While
the discussers state that densiﬁed sands show higher K0, it seems
likely due to the accumulatively increasing OC effect that causes
the horizontal stress locked with less decreases in s0h upon the
removal of s0v. This is similar to the fact that compacted soils
show higher K0. This can also be observed from Figs. 7 and 8 in
Mesri and Vardhanabhuti (2007). Higher K0 values are observed
after being densiﬁed by vibrating where the OC state is likely
overwhelming. With further increasing s0v, the value of K0
decreases and ﬁnally becomes smaller than that of the initially
undensiﬁed loose condition as the OC effect has diminished.
To check and compare the values of K0 (¼s0h/s0v) and
K
o
(¼Δs0h/Δs0v), the test results for Jumunjin sands were
adopted and plotted in Fig. 1. In the ﬁgure, calculated lateralElsevier B.V. All rights reserved.
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0
p were
obtained and compared with measured values. It was found
that no noticeable difference is observed between s0h/s0v and
Δs0h/Δs0v for either loose or dense sands.
When soils are compacted or vibratory densiﬁed, the values
of K0 should become higher as the OC stress state develops, as
discussed previously. In practice, vibratory compacting meth-
ods are frequently adopted to compact granular soils. As the
discussers reported, K0 in these cases would be higher than
before compaction due to the stress history effect. Increases in
the values of K0 with increasing OCR can be well reproduced
using Eq. (3), as conﬁrmed from Fig. 1 in the discussion.
Several case examples can be found in the literature where the
value of K0 varies as a function of the density condition. In the
original paper, we presented and showed that the transmission of
s0v to s0h is largely related to the inter-particle frictions that canFig. 1. Comparison of measured and calculated K0 and K
o
values using Jaky's equabe characterized by the critical state friction angle and degree of
inter-locking as well as the contact area. The contact area is in
fact related to the relative density DR because the contact area
increases as DR increases. This was described using the inter-
particle strength correlation given as follows:
K0 ¼
1 sin ðϕ0mobÞ
1þ sin ðϕ0mobÞ
ð4Þ
ϕ0mob ¼ βϕ0c ð5Þ
where ϕ0mob is the mobilized internal friction angle and β the
inter-particle correlation model. The parameter β reﬂects the
dependency of K0 on the relative density (DR) and was proposed
as the following relationship:
β¼ 0:1 DRð%Þ½ 0:439 ð6Þtion with the critical state friction angle ϕ0c (ϕ
0
cv) and peak friction angle (ϕ
0
p).
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intended for normally consolidated young loose sands, its
application to dense sands, as far as no OC state is involved,
may be possible for practical purposes if certain modiﬁcation
or empirical factors are provided. We believe that the proposed
correlations of Eqs. (4)–(6) can be effectively used for that
purpose to estimate K0 for different density conditions. It also
needs to be noted that the type of testing method used to
prepare soil specimen and to measure K0 have a considerable
effect on the values of measured K0.
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